Abstract: Detection of early stage corrosion on slender steel members is crucial for preventing 1 buckling failures of steel structures. An active photoacoustic fiber optic sensors (FOS) system 2 has been reported for early stage steel corrosion detection of steel plates and rebars using surface 3 ultrasonic waves. The objective of this paper is to investigate the surface corrosion/rust detection 4 problem on steel rods using numerically simulated surface ultrasonic waves. The finite element 5 method (FEM) is applied in simulating the propagation of ultrasonic waves on steel rod models.
one sensor (receiver) are considered. In this research, radial displacements (u(t)) at the receiver were 
Finite element simulation

53
In the past, FEM had been applied for simulating ultrasonic wave propagation for damage 54 detection [14] [15] [16] . Among various signal processing techniques, short-time Fourier transform (STFT) 55 has been demonstrated as an applicable approach for analyzing the transient response of ultrasonic 56 wave propagation in the time-frequency domain [17] . In this research, cylindrical geometry was 57 numerically modeled by six steel rod models (one intact and five corroded) in a commercially 58 available finite element package (ABAQUS 2016) [18] . 705, 600 linear hexahedral elements (C3D8) 59 were used in all six models. Five corroded steel rod models were created by introducing a rectangular 60 prism/anomaly to the surface of intact steel rod model. Transmission mode of damage detection was 61 applied for data collection by using one transmitter (source or T) and one receiver (R) in each model,
62
as shown in Fig. 1 . Time domain radial displacement (u(t)) at the receiver was collected for all six 63 models. Design of intact and corroded FE models are described in the following sections. Five corroded steel rod models (denoted by CM) were generated by replacing the material
75
properties at a corroded region from steel to rust in order to simulate the introduction of surface rust to 76 the intact steel rod model, as shown in Table 2 . Four attributes were used to characterize the corroded for steel rod models is provided in Fig. 3 to better illustrate these hypotheses. waves propagates through the surface rust and arrives at time t 1 (i.e., t 1 >t 1 since the ultrasonic 91 wave velocity in rust is slower than the one in steel).
92
3. Part of the ultrasonic waves is scattered from the surface rust and propagates along the s 4 path. 
129
TOF of the scattered wave (t 2 ) traveling through path s 3 and s 4 is defined by where t 3 and t 4 = TOF of ultrasonic waves propagating on paths s 3 and s 4 (µs)), respectively.
131
Equivalently,
where s 3 = length of path s 3 (mm), s 4 (s 3 ) = length of path 
where a and b = model parameters. By substituting Eq. (4) and re-arranging terms, we have
where s 1 = length of path s 1 (mm). In Eq. (5) 
where c r = propagation velocity on z-axis in rust (mm/µs). By re-arranging Eq. (7), surface rust length
Eq. (7) represents the length estimation criterion in our algorithm.
152
Once s 3 (from damage localization, Eq. (5)) and d (from Eq. (8)) are determined, the width of 153 surface rust (w) can be obtained by using the delayed arrival time of first wave packet (t 8 ), as shown in 
where 
where h = thickness of surface rust (mm),
∂ f 2 = second-order partial derivative of the first wave 163 packet's frequency domain projection, and e and g = model parameters.
curvature of the first wave packet. Eq. (11) represents the thickness estimation criterion in our 165 algorithm.
166
Eqs. (8), (9) and (11) represent our damage quantification approach in this paper. Surface rust 167 length d, width w, and thickness h can be estimated from the STFT spectrogram of radial displacement 168 u(t) measured at receiver R. In the following section, FE simulation results are reported.
Simulation results and findings
170
Time domain radial displacement (u(t)) of each model at receiver R was collected from six FE 171 simulation cases (one for intact model and five for corroded models). Spectrogram (U( f , t)) of each 172 u(t) was obtained by STFT. Comparison of u(t) and U( f , t) between intact and corroded steel rod 173 models was made to study the effects of surface rust on u(t) and U( f , t). In each model, radial displacement u(t) are receiver R was collected as shown in Fig. 5 . As 176 predicted by the first hypothesis, two wave packets were observed. The first wave packet was the 177 ultrasonic wave propagating along the longitudinal direction (z-axis). The second wave packet was the 178 ultrasonic wave propagating along the helical direction (i.e., s 2 in Fig. 3 ). The waveform of the second 179 wave packet is more complicated than the one of the first wave packet in the spectrogram, owing to the 180 geometric dispersion (in the second wave packet) caused by the cylindrical geometry of FE models. In corroded steel rod models (CM1 -CM5), the first peak amplitude (u 1 ) was reduced after 182 interacting with surface rust and propagating on path u 1 . While the presence of surface rust can 183 be detected by the reduction of u 1 , quantification of surface rust using u 1 can be very difficult due 184 to the geometric dispersion effect on u(t). In reality, peak amplitudes can also be contaminated by 185 background noise (e.g., ambient vibration). Therefore, frequency domain analysis of u(t) is applied 186 and described in the next section. were measured from the time t 0 when the ultrasonic wave was introduced at transmitter T; in this 225 paper, t 0 = 6.13µs. Since the peak amplitude of the first wave packet was 9.01 µs, t 1 = (9.01 − 6.13)µs 
With E = 210,000 MPa, ρ = 7,850 kg/m 3 , and ν = 0.3, approximated theoretical c t value was found to be 230 3.03mm/µs. Consequently, theoretical TOF t t for the first wave packet was found to be
where s 1 = distance from center of transmitter T to receiver R (mm) (= 10 mm) and z l = distance respectively. In our algorithm, differential TOF of the second wave packet t 2 was used for surface rust 239 localization.
240
From the differential 1-MHz curve in Fig. 10 (b) , a propagation velocity model from literature
241
[17] for elastic waves on a cylindrical geometry was used. In all six FE models, p = 12.7π = 39.9 mm. From the Mercator projection shown in Fig. 3 , it is clear that 243 applied with its result shown in Fig. 11 . Eq. (21) represents a model for locating the surface rust in our 247 algorithm. Following the same procedure, 1-MHz curves of models CM2 and CM3 were generated 
Performance of proposed algorithm (Eqs. (23), (24), (25) and (26)) for surface rust quantification 278 was summarized in Table 4 . 
Conclusion
294
This paper reports a finite element study of utilizing point-source generated ultrasonic waves for 295 detecting surface rust in steel rod models. Methods of detecting, locating and quantifying the surface collected on the surface of corroded steel rod models. We have concluded the following.
298
• Presence of surface rust can be detected by the reduction of centroid frequency of the first wave 299 packet in the STFT spectrogram of corroded steel rod models.
300
• Location of surface rust is estimated by finding the difference in arrival time (TOF) between 301 helically propagating ultrasonic waves and scattered ultrasonic waves (due to surface rust).
302
• Length of surface rust can be predicted by calculating the difference in TOF between longitudinally
303
propagating ultrasonic waves of intact and corroded steel rod models. This difference in TOF is 304 related to the longitudinal dimension (length) of surface rust.
305
• Width of surface rust can be determined by calculating the difference in TOF of the first wave 306 packet between intact and corroded steel rods in the STFT spectrogram at a fixed frequency (e.g., 1
307
MHz in this paper).
308
• Thickness of surface rust can be estimated by utilizing the second-order derivative of the first wave 309 packet of corroded steel rod models.
In conclusion, this paper presents our finite element analysis of ultrasonic waves on intact and corroded 311 steel rod models for detecting, locating, and quantifying surface rust in a systematically approach.
312
While research result is obtained in several empirical equations, it is believed that our proposed 313 damage detection algorithm can be applied to other corrosion detection problems using distributed 314 photoacoustic fiber optic sensors on steel rods or steel rebars.
